Figure 1. Models for Structurally Specific Aggregation of Partially Folded States
Native globular proteins (N) exposed to denaturing stress might generate partially folded states containing domains which retain significant native-like structure (I nat ). These domains could noncovalently aggregate intermolecularly by utilizing some of the same packing interactions that exist intramolecularly in the native state. Alternatively, partially folded intermediates could form in which some sequences rearrange to non-native structural elements (I non) that mediate the formation of aggregates via packing by nonnative interactions.
which the protein is in a non-native state (Kelly, 1996) .
form contains more ␤-sheet (Prusiner and DeArmond, 1995) . These results suggest that some protein misasFurthermore, amyloid disease-associated mutations in transthyretin (Kelly, 1996) and immunoglobulin light sembly processes may require significant secondary structural rearrangements for oligomerization to prochain VL domain (Helms and Wetzel, 1996) have been shown to destabilize the native states of these proteins, ceed ( Figure 1) . Structure of the Aggregated State allowing them to more easily enter global, cooperative unfolding transitions that can generate partially folded One of the major challenges in this field is to move beyond these initial observations by determining at high states that are the presumptive amyloidogenic intermediates.
resolution the structures of both bona fide aggregation intermediates and of final aggregated states. There are The involvement of non-native states in amyloid formation is also supported by data suggesting that the significant technical barriers to achieving this, however. For example, the metastable nature and inherently poor secondary structural content of the protein in the aggregated state is different from the native state. For examsolubilities of aggregation-prone folding intermediates make solution-phase NMR analysis difficult. For the agple, the fundamental structural unit of all amyloid fibrils is thought to be stacked, anti-parallel ␤-sheet (Sipe, gregates themselves, new solid state NMR methods are being developed which may ultimately provide impor-1992), but some amyloid-forming proteins, such as apolipoprotein A-1, are rich in ␣-helix in the native state.
tant distance constraints to support construction of models of amyloid structure . Similarly, the cellular form of the prion protein is rich in ␣-helix when isolated, while the aggregated, infectious
In the solid state, aggregates like amyloid fibrils are, For a globular protein with a significant free energy of stabilization (top), the aggregationprone folding intermediate I can be formed during the folding of the unfolded state U to the folded state N, or in the unfolding of N to U. At least in the case of some small amyloidogenic peptides (bottom), self-association of the aggregation-prone conformation A will be unfavorable until aggregate size is sufficiently large to provide a "nucleus" C possessing a degree of internal stability. According to this mechanism, aggregation can also be initiated when a small amount of aggregate is provided exogenously, to "seed" fibril formation. The mechanism shown for globular protein folding is illustrative and is not intended to be comprehensive with respect to possible protein folding pathways; for example, in some cases the aggregationprone folding intermediate might exist on a shunt off the productive folding pathway. Neither are the mechanisms shown on the top and bottom halves of this Figure mutually exclusive; thus, the aggregation pathway for some peptides may also contain prerequisite conformational changes (B→A), and for globular proteins may require formation of a multimeric nucleus. The numbered steps of the mechanism refer to some points where aggregation can be inhibited, as discussed in the text.
at best, paracrystalline, and thus cannot be solved at discerning test of relatedness-at the molecular levelhigh resolution by conventional X-ray crystallographic may be the ability of an aggregate to provide a growth methods. However, recent synchrotron X-ray studies of point, or seed, for further aggregation. A nucleated aligned fibrils have provided sufficient data to support growth mechanism (Figure 2 , bottom) has been demonconstruction of a model for an amyloid fibril. This imporstrated for several amyloid peptides in vitro (Jarrett and tant model features a continuous ␤-sheet helix, and Lansbury, 1993) . One peptide that exhibits nucleation strongly suggests the involvement of a non-native suband seeding in fibril formation is the Alzheimer's peptide unit in fibril formation (Blake and Serpell, 1996) .
A␤. This peptide forms amyloid fibrils when incubated Despite their limitations in direct analysis of aggregaat pH 7.4, but more amorphous aggregates when incution intermediates and the aggregated state, convenbated at pH 5.8 (Wood et al., 1996c) . Although these tional X-ray crystallography and solution NMR analysis two aggregate types are composed of exactly the same do have important roles to play in this field. For example, peptide, the pH 5.8 aggregate-in contrast to the pH 7.4 the high-resolution structures of a number of unusual aggregate-is incapable of seeding A␤ fibril formation at "domain-swapped" dimeric proteins have been depH 7.4. scribed (Bennett et al., 1995) which clearly support the Inhibition of Protein Misassembly Goldberg model of oligomerization by native-like interIf disease-related protein aggregation is mediated by actions of folding intermediates (Figure 1 ). High resoluprecise packing interactions of structurally well-defined tion structures of an aggregating protein's native state partially folded intermediates, it becomes more feasible also can provide valuable clues to the aggregation proto consider the possibility of interfering with these intercess. The recently described structure of a major fragactions by the traditional pharmaceutical approach of ment of the prion protein (Riek et al., 1996) identified the identifying small molecules which bind to and block locations of the expected ␣-helices and also unveiled a interaction sites. Some possible points of attack are small element of ␤-sheet structure which may turn out indicated in Figure 2 . Stabilization of the native state of to be involved in the aggregation process. Refined transthyretin by ligand-binding (1) has been reported to X-ray crystal structures and NMR solution structures stabilize the protein against fibril formation in vitro (Miroy can also give valuable information on the most mobileet al., 1996) . Small organic molecules can inhibit the offand thus perhaps most labile-elements of the folded pathway aggregation of proteins during folding in vitro structure, in turn suggesting where unfolding might start (Rudolph, 1996) , probably by discouraging aggregate and what an early unfolding intermediate might look like.
packing (2). In vitro fibril formation by A␤ can also be Multiple Aggregated States inhibited by small molecules (Wood et al., 1996b) , which There are now several examples in which similar or idenapparently bind to A␤ and in doing so either interfere tical proteins are capable of forming different aggregate with self-association (4) or shift a conformational equilibtypes, as assessed by morphological or functional criterium of the monomer away from the amyloidogenic form ria. This has several important implications. In particular, (3). Nucleation (Evans et al., 1995) and seeding (Wood if the biological effects of protein deposition in some et al., 1996a) of A␤ fibril formation (5) can be inhibited human diseases are attributable to the specific interacin vitro by apolipoprotein E, which may help to explain tions of the aggregate with particular molecules or cells, the genetic risk for developing Alzheimer's disease asthen different aggregated forms of the same protein may sociated with certain apoE alleles. Noncovalent associahave different pathological consequences. Thus, the tion of proteins into aggregates can set the stage for ability to form aggregates of functionally different morseveral modes of covalent crosslinking, which would be phologies may help explain how the misfolding or misasexpected to make reversal in vivo much more difficult. sembly of a single prion protein sequence can give rise Agents capable of selectively breaking these covalent to various scrapie "strains" . In fact, crosslinks (Vasan et al., 1996) might play an important infectious prions are known to exhibit morphologically role in the therapeutic disaggregation of such aggredistinct aggregated states, although the exact relationgates. ship between any of these states and the neurotoxic It is well known that amino acid sequence controls and infectious properties of prions is not clear (Prusiner the final form a protein takes when it folds, and the and DeArmond, 1995).
free energy by which that native state is favored. Only In another example, aggregates of immunoglobulin recently has it become apparent that amino acid sevariable domains are involved in both light chain amyquence also controls the viability of the path(s) to the loidosis (AL) and light chain deposition disease (LCDD), correct structure, by controlling and limiting the degree but the morphology of the deposited aggregates are to which misassembly and aggregation irreversibly siclearly different. Not only are both AL and LCDD assophon protein molecules from the folding pathway. It is ciated with destabilizing amino acid changes, but the now clear that these side reactions of folding are not nature of these sequence changes may also help diconly of fundamental interest for the rules for correct tate aggregate morphology and hence disease type translation of genetic information into functional pro- (Helms and Wetzel, 1996) . One way particular sequence teins, they also control the features of a growing body changes might control aggregate morphology is by conof pathological protein deposition phenomena. At prestrolling the extent to which different aggregation-prone ent we can only make out the rough features of this new unfolding intermediates (such as I nat and Inon in Figure 1) landscape-the structural biology of non-native states. are populated under physiological conditions.
It may be necessary to devise new tools to bring it to Although aggregate morphology informs us about structural differences at a macroscopic level, a more sharper focus.
